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Abstract—Electrical activation of an excitatory reflex
between sensory fibers in the pudendal nerve and the
bladder has been demonstrated in cats and is a potential
means of restoring micturition function in persons with
spinal cord injury. We investigated the clinical feasibility
of activating this reflex to restore bladder function in
persons with spinal cord injury by using intraurethral
electrical stimulation to activate pudendal sensory fibers
innervating the urethra. Excitatory bladder responses
(contractions) were evoked by trains of electrical pulses
applied to either the proximal (29.7 * 11.6 cmH,0) or
distal (30.2 * 11.6 cmH;0) segment of the urethra. The
results indicate that an excitatory reflex between
pudendal nerve afferents and the bladder exists in
humans with spinal injury and may provide a substrate
for restoring micturition function.

I.  INTRODUCTION

SPINAL cord injury (SCI) results in lower urinary tract
symptoms that include detrusor overactivity and
detrusor sphincter dyssynergia. If left untreated, these
pathological factors can cause urinary tract infections,
bladder trabeculation, ureteral reflux, and kidney
damage. Despite effective bladder management
methods (anti-cholinergic medication plus clean
intermittent catheterization), significant morbidity and
diminished quality of life remain a problem for persons
with SCI.

Electrical activation of pudendal nerve afferents that
mediate inhibitory and excitatory bladder reflexes has
been investigated recently as a potential means of
restoring bladder function. In both spinal intact and
chronic SCI cats, electrical pudendal nerve stimulation
produces bladder responses that are strongly
dependent on the stimulation frequency: bladder
inhibition (3 to 15 Hz) [1-4], and bladder excitation (>
20 Hz) 1, 3, 5, 6].

Although an analogous bladder inhibitory reflex has
been confirmed in persons with SCI [7-9], the
demonstration of an excitatory pathway has been
limited to transient or low pressure increases in
detrusor pressure [10, 11]. These latter results were
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due, in part, to a limited understanding of the
anatomical innervation of the lower urinary tract by
pudendal nerve afferents. This motivated further study
in cats [12, 13], where we identified two pudendal
afferent pathways that could mediate excitatory
bladder responses evoked by electrical stimulation.
These pathways were labeled the cranial sensory
(CSN) and dorsal genital (DGN) nerves, and were
found to innervate the proximal and distal segments of
the urethra, respectively.

In this study, we examined the feasibility of clinically
translating the results from the cat to individuals with
chronic SCIl. We used intraurethral stimulation with a
catheter electrode to activate selectively the pudendal
afferents innervating the proximal and distal segments
of the urethra.

. METHODS

The experimental protocol was approved by the
Institutional Review Board of Duke University Medical
Center, and written informed consent was obtained
prior to each experiment. The study involved 7
individuals (6 male, 1 female, age = 26 to 66 years)
with chronic SCI (C5 to T12).

A. Instrumentation

All experiments began with a urodynamic evaluation
of the bladder. Measurement of bladder and abdominal
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Figure 1. Location of active electrode contact
positioned along the urethra.
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pressures was consistent with previous experiments
[11]. Electromyographic (EMG) activity from the
perineum was recorded by pairs of percutaneously
inserted stainless steel wires. Both pressure and EMG
signals were filtered (DC to 40 Hz, 3 Hz to 1 kHz),
amplified (both gain 1000, ETH-255, iWorx/CB
Sciences, Inc., Dover, NH), and digitally stored at 5
kHz on a computer. An 8-electrode stimulating catheter
(diameter = 2 mm, electrode length = 2 mm) was
inserted into the urethra, such that the active electrode
contact was positioned at specific segments within the
proximal and distal urethra (Figure 1). In males, this
corresponded to positions that were 4-6 cm distal to
the bladder neck (proximal urethra) and 3-5 cm from
the urethral meatus (distal urethra). In females, the
proximal and distal segments were defined by
locations 1 cm away from the bladder neck and
urethral meatus, respectively.

B. Urodynamic Evaluation

The detrusor pressure (Pget = Pbladder — Pabdomen) @nd
EMG activity (perineal or EAS) were recorded
continuously as the bladder was filled with room
temperature saline at 20-40 ml/min (Figure 2). The
volume threshold at which a distension-evoked bladder
contraction occurred (i.e., bladder capacity, V) was
defined by the infused bladder volume at which the P
exceeded 30 cmH,O for at least 10 seconds. The
bladder was emptied and the stimulation threshold (T)
for eliciting a reflex EMG response (bulbocavernosus
reflex (BCR)) was determined by intraurethral (1U)
stimulation delivered individually to the proximal (Tp)
and distal (Td) urethra. Within each IU segment, the
amplitude of single current pulses was increased until
triggered EMG traces or anal twitches were verified
visually. The bladder was then filled to approximately
80 % of Vy, and 30-second trains of current pulses

were applied to each segment of the urethra. The

protocol involved a randomized sequence of 6 trials

E b

that combined two stimulus amplitudes (2 and 4 times
Tp or Td) and three stimulation frequencies (2, 10 and
35 Hz). If no BCR was elicited, a default threshold of
15 mA was used.

C.Data Analysis

An electrically-evoked excitatory bladder response
was defined by a minimum increase in detrusor
pressure of 10 cmH,O above baseline during
stimulation. The baseline was the Py averaged over 2
seconds prior to electrical stimulation. An evoked
response was characterized qualitatively by the peak
P4et, Normalized with respect to the maximum Py
measured during distension evoked bladder
contractions. All data are expressed as the mean %
standard error, unless otherwise specified. Statistical
analysis used an initial one-way ANOVA followed by a
Tukey multiple comparison test (S-PLUS, Insightful
Corp.).

Overactive bladder and spastic EMG activity was
commonly observed during urodynamic fills in all
participants (Figure 2). A distension evoked (DE)
bladder contraction was observed in 6 of 7
participants,  with  considerable inter-individual
variability in Vi = 19 to 300 ml and Py = 34 to 113
cmH,0). Residual effects of anti-cholinergic
medication were observed in one individual
(experiment 7), as this participant failed to exhibit any
DE bladder activity.

ResuLts

A. Stimulation Threshold (T)

A BCR was elicited in 5 of 7 participants (no
response in exp 2 and 7), where the activation
thresholds of this reflex were relatively consistent at
both ends of the urethra: proximal IU (14.4 £ 2.1 mA)
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Figure 2. Urodynamic evaluation of bladder. [EMG
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Figure 3. Comparison of normalized detrusor
pressure (Norm Pgyy) in response to selective
electrical stimulation at proximal and distal
segments of the urethra. [*, p < 0.05]

vs. distal IU (12 + 2 mA). Other than the typical
‘abdominal tapping’ sensation reported in those
individuals with an incomplete SCI (Exp 3, 4 and 5), IU
stimulation did not elicit any noxious sensations.

B. Excitatory Bladder Reflex

Electrical stimulation of the proximal urethra evoked
sustained bladder activity in 3 of 7 participants. This
excitatory reflex was elicited, regardless of the severity
of spinal injury (Exp 1, 2 vs. Exp 3) or presence of a
BCR (Exp 2 vs Exp 1, 3). High frequency, high
amplitude (35 Hz and 4T) stimulation was effective at
evoking these responses, but other stimulation
parameters were also equally effective in one
participant (Exp 1). This resulted in an overall average
normalized peak P4 of 0.27 + 0.06 (range = 0.16 to
0.53) that was significantly greater than “non-
responsive” bladder activity (*, p < 0.05, Figure 3).

In 2 of the 7 participants, electrical stimulation of the
distal urethra evoked excitatory bladder responses.
This also resulted in significant increases in normalized
Pget (0.36 £ 0.16, range = 0.2 to 0.52, p < 0.05, Figure
3). Excitatory bladder responses were evoked
regardless of the presence of a BCR (Exp 1 vs. Exp 4)
or severity of spinal injury (Exp 1 vs. Exp 4). It is noted
that there was no significant difference in bladder
activity between trials evoked by proximal and distal 1U
stimulation (p = 0.55).

IV. DISCUSSION

The results of this study expand our current
understanding of the existence of an excitatory
pudendal-to-bladder reflex in persons with SCI [10,
11]. We recorded sustained elevations in detrusor
pressure (Pget) in response to electrical stimulation
applied individually with a catheter electrode in both
the proximal and distal segments of the urethra.

Excitatory bladder responses were evoked in
individuals diagnosed with complete and also
incomplete spinal injuries, suggesting that this reflex
was part of a direct spinal micturition pathway.

Consistent with previous work in cats, both the
physiological conditions and stimulation parameters
used in this study support our hypothesis that the
afferent limb of the reflex is mediated by the pudendal
nerve. We found the ability to electrically evoke reflex
bladder contractions depended strongly on the infused
volume [12, 14, 15]. Volumes equal to at least 80% of
the distension evoked volume threshold (Vy,) were
required to evoke a reflex contraction. We also found
that excitatory bladder responses were evoked by
stimulus pulses greater than the thresholds (multiples
of T) required to elicit BCR responses [5, 6], indicating
a requisite activation of smaller diameter myelinated
fibers. Finally, it was clear that high frequency
stimulation (f = 20 Hz) was effective at evoking bladder
contractions [1, 12, 15].

Electrical activation of pudendal afferents can evoke
excitatory bladder responses in persons with SCI. It is
not yet clear, however, whether |U stimulation will
ameliorate or exacerbate detrusor  sphincter
dyssynergia.

V. CONCLUSION

In this study, we demonstrated evidence of two
excitatory pudendal-to-bladder reflexes in persons with
chronic SCIl. The presence of these responses
suggests the feasibility of using pudendal nerve
stimulation as part of a neural prosthetic system aimed
to restore bladder function. Further work is required,
however, to determine whether the reflexes suppress
or augment detrusor dyssynergia and to determine
whether these reflexes can produce bladder emptying.
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